A new method of grouping basins prior to regional flood frequency analysis is presented which is based on measured basin characteristics rather than on geographical regions. Statistical procedures for identifying efficient groupings are described and the explanatory ability of groups formed on the basis of catchment area, rainfall and soil type suggests that the method offers an attractive alternative to geographical regionalization.
INTRODUCTION
An engineer faced with a flood design problem at a site where flood data are limited or entirely absent would seek to apply a regional flood estimation procedure. This paper considers one aspect of statistical methods of regional flood estimation, that of the definition of regions. Many regional flood studies (e.g. Natural Environment Research Council (NERC) , 1975; Beable & McKerchar, 1982) define geographical regions within which available annual maximum series are pooled in dimensionless form, A frequency distribution is fitted to the combined data, which defines the region-average relation between standardized flood magnitude and return period. This region curve can be redimensioned at the site of interest with an estimate of the standardizing parameter (typically the mean annual flood, QBAR) obtained from basin characteristics .
This method presupposes that such regions should be homogeneous, but geographical proximity is no guarantee of homogeneity since neighbouring basins can be physically very different. Further, interstation correlation will tend to be high within a geographical 151 region, which may introduce some bias in the regionalization. An alternative approach that suffers less from these drawbacks is to group basins on the basis of measurable basin characteristics. This paper describes one such approach and its application in Britain.
PROPOSED METHOD
At its simplest, the approach described here partitions the set of basins into two groups on the basis of a single partitioning value of one chosen basin characteristic. For example, the data could be divided into large and small basins on the basis of measured basin area, or into wet and dry basins on the basis of average rainfall. Average frequency curves are fitted to pooled flood data for each group, and measures of the variability of the data in each group about the fitted group curve are evaluated. The measures used for quantifying the efficiency of grouping are defined in the next section. For a successful grouping of catchments, the variance of the grouped data about the two group-average frequency curves should be significantly less than the overall variance of the data about a single frequency curve. The sequence of forming two groups, fitting two frequency curves, and evaluating test statistics is repeated using a range of partition points. The optimum grouping is achieved at the basin characteristic value where the statistics of departure reach a minimum. This process may be repeated for other characteristics for multiple partitions, or indeed for combinations of characteristics .
MEASURES OF DEPARTURE
A general extreme value (GEV) distribution is fitted to grouped data using the method of maximum likelihood (Hosking, personal communication) in which the collection of standardized data is treated as a single series. Figure 1 summarizes ways of measuring the difference between observed flood data and a fitted frequency curve. Four statistics of departure are used to quantify these differences, each measuring a particular property of the data in relation to the fitted curve.
Measures in the variate (Q/QBAR) direction
(a) Quantile method (sum of squared differences of the five-year flood at each station from the group average five-year flood):
where q 5 . is estimated as the geometric mean of the upper half of the j-th station series (NERC, 1975) ; q 5k is estimated from the fitted group distribution. from the group average frequency distribution). q^ is estimated from the group curve at the value of the EV1 variate corresponding to q i j :
Measures in the probability direction
The notation used in defining these statistics is as follows: i is a flood peak counter (1 < i 5 n values/station), j is a station counter (1 < j S m stations/group), k is a group counter (1 S k S p groups in the study area), and u, a and K are parameters of the GEV distribution.
USE OF BASIN CHARACTERISTICS IN FORMING GROUPS
The basin characteristics used as axes on which to group basins are basin area (AREA), average annual rainfall (AAR) and a soil index (SOIL) which measures a basin's ability to accept winter rainfall (NERC, 1975, vol.1, p. 303) . SOIL values vary between 0.15 for a permeable basin to 0.5 for an impermeable basin. At least five years of annual maximum data are available on computer archive for 419 basins in Britain. All flood series are standardized by division by the arithmetic average of the series. Figure 2 shows the change in the value of the four test statistics as the partition point on the AAR axis is varied. Pronounced and significant minima in the trace of each statistic on Fig.2 indicate that the optimum partition point on the AAR axis is at a value of 750-900 mm. When SOIL is used as the controlling basin characteristic, the test statistic graphs show coincident and significant minima at a SOIL value of 0.45, suggesting that the most impermeable basins should be treated separately from other basins. Grouping basins according to AREA produces only slight reductions in the test statistics, implying that basin area is a relatively minor control on the flood frequency behaviour of British rivers compared with climate and soil permeability.
Results of simple partitions

Results of multiple partitions
Successive partitioning into two groups of basins on a single basin characteristic axis represents the most elementary approach to the problem. A further degree of sophistication may be introduced by a simultaneous four-way grouping on two characteristics. Figure  3 shows the surface produced from the log-likelihood statistic and was formed by contouring the log-likelihood values obtained when the data are divided into four groups according to SOIL and AAR. Each small cross on Fig.3 is plotted at SOIL and AAR values used to partition the data. The trough in the surface parallel to the SOIL axis indicates the greater control of AAR in the grouping process. The slightly larger log-likelihood values in the trough compared with those of Fig.2 obtained by grouping on AAR alone (which was the most successful single characteristic) demonstrate the superiority of a twodimensional approach. As with the simple one-dimensional partition, the optimum AAR value is about 850 mm. The optimum SOIL value is not well defined , the absolute minimum point on the surface occurring at a SOIL value of 0.35. Surfaces of the other statistics are essentially similar to the form of the log-likelihood surface although the position of the minimum point varies along the central portion of the trough, which is consistently aligned at an AAR value of about 850 mm.
Comparison with geographical regions
The test statistics can also be calculated for a geographical grouoing of basins. (NERC, 1975 ). This table also shows statistic values obtained by using four groups defined by SOIL = 0.35, AAR = 850 mm. The degree of improvement of the test statistics achieved by forming groups or regions may be gauged by comparison with the "all data" case in which a single frequency curve is fitted to all 419 basins. The significance of reductions in the quantile and variate statistics (both sums-of-squares measures) may be examined by the use of a variance ratio test. The statistic F is calculated from the data as:
_______ variance reduction achieved by grouping final variance where SS, and SS" are the residual sums of squares for the all-data model and for the groups/regions model respectively; df-, and df2 are the degrees of freedom associated with each model; N is the sample size, equal to the number of catchments in the quantile method and the total number of flood peaks in the variate method. The degrees of freedom associated with the model are equal to the number of GEV distribution parameters included, there being three parameters defining each group or region frequency curve. The use of the Ftest is not strictly appropriate when a model is nonlinear as is the case with a GEV distribution, but it does give a useful if inexact guide to improvements in model performance.
The reduction in the log-likelihood statistic achieved by introducing regions or groups may be assessed by the likelihood ratio test. The likelihood ratio is the quotient: X = Lj/Lg where hj and L2 are the maximum of the likelihood function for the "all-data" model and the groups or regions model respectively. For large sample sizes -2 log À is approximately distributed as chisquare with dfg -dfj degrees of freedom.
A significance test to examine the reduction of the KolmogorovSmirnov statistic cannot be readily formulated and so this statistic is of qualitative use only.
The reductions of the test statistics shown in Table 1 (excluding Kolmogorov-Smirnov) from the "all-data" model to the 10-region model and to the four-group model are significant at the 1% level, indicating that forming 10 regions or four groups is certainly worthwhile. The four SOIL-AAR groups actually achieve a greater reduction in the log-likelihood statistic than that produced by the 10 geographical regions and use only 12 degrees of freedom compared with 30 in the region model. The four groups produce smaller reductions in the quantile and variate statistics than achieved by the 10 geographical regions, while the Kolmogorov-Smirnov statistic is very similar in the four group and 10 region cases.
Inspection of the four group frequency curves suggests that the curves for the two higher rainfall groups are very similar, and in fact combining these two groups does not significantly affect the test statistics. Figure 4 shows the resulting average frequency curves for three groups formed on the basis of SOIL and AAR. The shaded area on this figure indicates the range over which the 10 region curves extend.
DISCUSSION AND CONCLUSIONS
A physical explanation for differences between the curves of Fig.4 may be attempted. In catchments with high annual rainfall totals (group 3), flood-producing rainfall will tend to fall on generally wetter catchments which are likely to be at or near field capacity for long periods and will generate large floods but with relatively little variability in magnitude. In drier, more impermeable catchments (group 2), conditions of near saturation will persist for shorter periods, and significant rainfall events will encounter a greater variety between years of antecedent wetness conditions. This will result in a more variable flood response which in turn translates into a steeper frequency curve.
A further point of interest is that the 850 mm isohyet roughly partitions Britain into the low-lying southern and eastern areas and the more hilly northern and western areas. Such a regional division with two associated frequency curves is recommended for the estimation of floods of return periods exceeding 100 years (Institute of Hydrology, 1983) and is based on the broadly similar appearance of the regional frequency curves in these two larger regions.
The grouping method described above can be extended to any number of basin characteristics although graphical displays of results are not practical beyond two dimensions. The method is restricted to data partitions perpendicular to the basin characteristic axes and, with the exception of the quantile method, the test statistics do not discriminate between measuring the grouping efficiency and measuring the suitability of the GEV frequency distribution or the parameter estimation procedure. But since the GEV distribution is fitted by the same procedure (maximum likelihood) to both the three groups and the 10 regions, a comparison of results is still possible. Further development work will concentrate on implementing schemes for the identification of the set of basin characteristics relevant to the grouping process, and on assessing the significance of differences between group average frequency curves. An innovative method of forming homogeneous groups based on basin characteristics has been devised and has been shown to be practicable. Three groups formed on the basis of soil type and annual rainfall have been found to be comparable in efficiency to 10 regions formed on the basis of geographical proximity. These results suggest that the use of basin characteristic groupings can offer substantial improvements to techniques of regional flood estimation, and the technique provides an opportunity to examine the environmental controls of flood frequency behaviour.
